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F344; hypertension; Na-K-ATPase; NHERF-1; dopamine DOPAMINE IS A NATRIURETIC catecholamine synthesized by the proximal tubule cells (PTCs) of the kidney where it decreases sodium transport by inhibition of the activities of sodiumhydrogen exchanger type 3 (NHE3) (1, 2, 15, 21, 23, 29) , and the Na-K-ATPase (NKA) (20) , through activation of protein kinase A (PKA)-and C (PKC)-dependent mechanisms. Activation of PKA and PKC by dopamine acutely inhibits NKA activity by phosphorylating serine 18 (S 18 ) and increasing the endocytosis of the NKA ␣1-subunit (8 -10). The dopaminemediated inhibition of NKA is impaired in hypertension and aging. However, the mechanisms are not well understood (3, 11, 38) .
Our laboratory has demonstrated that dopamine acutely inhibits NKA activity in a pertussis toxin-dependent but ERKindependent pathway in opossum kidney (OK) cells (26) . We further demonstrated that treatment of OK cells with dopamine activates PKC␤ and PKC. However, only PKC associates with NKA ␣1-subunit (42) . We and others have demonstrated that sodium-hydrogen exchanger regulatory factor-1 (NHERF-1) associates with dopamine-1 receptor (D1R) to inhibit the activities of NKA (42) and sodium-phosphate cotransporter, NpT2a (47) . NHERF-1, a scaffolding protein with two canonical PDZ (postsynaptic protein PSD-95/SAP90, Drosophila septate junction protein Discs-large, and tight junction protein ZO-1) domains and an ezrin-binding domain (43) , is highly expressed in both brush-border membranes (BBM) and basolateral membranes (BLM) of the renal proximal tubule (27) . NHERF-1 also associates with several other G protein-coupled receptors (GPCR), including the ␣-adrenergic receptor and parathyroid hormone receptor in renal PTCs to regulate ion transport (14, 31, 41, 42, 47) . Our studies in OK cells demonstrated that NKA ␣1 and D1R associate with NHERF-1 through its PDZ2 domain. In OK PTCs, treatment with dopamine decreases the association of NKA ␣1-subunit and NHERF-1 but increases the association of NHERF-1 and D1R (42) . NHERF-1 also plays an important role in the regulation of the expression, trafficking, and activity of several ion transporters in kidney proximal tubules, including NpT2a (25, 49) , NHE3 (35, 50) , and electrogenic sodium bicarbonate cotransporter type 1 (NBCe1) (4, 48). Kobayashi et al. (28) demonstrated a decrease in the NHERF-1 mRNA in spontaneously hypertensive rats (SHR), a wellaccepted model of hypertension as compared with their control normotensive Wistar-Kyoto (WKY) rats. However, the role of NHERF-1 in hypertension-, sex-, and age-related regulation of sodium transport, in general, and in the dopamine-mediated regulation of NKA, in particular, is not known (44) . The aim of the present study was to determine the role of NHERF-1 in the acute regulation of NKA by dopamine in PTCs from animal models of hypertension, the SHR and aged F344 rats. We found that NHERF-1 protein expression is decreased in renal BBM and BLM from aged F344 rats, a model of hypertension and aging, and in SHR, a model of spontaneous hypertension. Dopamine decreased NKA activity and increased the phosphorylation of the NKA ␣1-subunit at S 18 in PTCs in primary culture from 4-mo-old F344 and WKY rats, well-accepted normotensive rat models that do not develop hypertension, but not in PTCs from aged F344 rats and SHR, well-accepted models of hypertension. Transfection of NHERF-1 in PTCs from 22-mo-old F344 and 4-mo-old SHRs restored the ability of dopamine to inhibit NKA activity. The results confirm that NHERF-1 is required for the acute inhibition of renal PT NKA by dopamine and suggest that changes in NHERF-1 expression or function may play a critical role in renal pathophysiology.
MATERIALS AND METHODS
Chemicals. Mannitol (M4125), Tris·HCl (T3253), PMSF (78830), protease inhibitor cocktail (535142), phosphatase inhibitor cocktail (P0044), MgCl 2 (M8266), NaHCO3 (S5761), sodium dodecyl sulfate (SDS, L3771), DL-dithiothreitol (DTT, D0632), urea (U0631), trypsin (T7575), acetonitrile (574732), bicinchoninic acid (BCA, BCA1), bovine serum albumin (1076192), and dopamine (H8502) were purchased from Sigma-Aldrich (St. Louis, MO). Paraformaldehyde solution 4% (sc-281692, diluted to 3.7% in PBS for use in experiments) was purchased from Santa Cruz Biotechnology (Dallas, TX), and radioactive 86 RbCl was purchased from (Perkin Elmer Life and Analytical Sciences (Boston, MA).
Animals. All animal experiments were performed according to the National Institute of Health (NIH) Guidelines for Animal Research and approved by the Institutional Animal Care and Use Committee (IACUC) of the University of Louisville and Howard University. Four-, 10-, and 22-mo-old female F344 rats and 4-mo-old WKY rats and 4-mo-old SHRs were maintained on standard rodent chow and water ad libitum for one week prior to performance of the experiments. The F344 rats were provided by the National Institute of Aging, NIH (Bethesda, MD). The 4-mo-old WKY and SHRs were purchased from Charles River Laboratories (Wilmington, MA). The animals were euthanized and the kidneys were harvested. The renal cortex (2 mm underneath the capsule) from half of the right kidney was used to obtain renal PTCs and the other half of the kidney was fixed in 3.7% paraformaldehyde in PBS for immunohistochemistry. The left kidneys were used to prepare BBM and BLM.
Brush border membrane and basolateral membrane preparation. Brush-border membrane (BBM) and basolateral membrane (BLM) were obtained simultaneously from the renal homogenate of individual rats following the method of Molitoris and Simon (32) , with slight modifications. Briefly, 2 mm sections underneath the capsule of the kidney were homogenized in 4 ml lysis buffer [300 mM mannitol, 5 mM Tris·HCl buffer, containing 0.1 mM PMSF and protease and phosphatase inhibitor cocktails (100 l each cocktail) at pH 7.4], using a glass Teflon homogenizer (Eberbach, Ann Arbor, MI). The samples were then homogenized further using a polytron homogenizer (Polytron, PT1200E, Kinematica, Bohemia, NY) at 25,000 rpm for 15 s (ϫ3) with a 15-s interval in between. An aliquot of the total homogenate was saved at Ϫ80°C. The homogenate was mixed with 9.3 ml water and centrifuged at 48,000 g for 30 min in a fixed angle rotor using a Sorvall centrifuge (RC-28S, Thermo Fisher, Waltham, MA) and SS-34 rotor. The pellet (P1) was resuspended in 1 ml lysis buffer by passing 10 times through an 18g needle, followed by 10 passes through a 26g needle. The sample was transferred to a 4 ml Beckman borosilicate tube (catalog no. 355644, Beckman Coulter, Indianapolis, IN) and 1.4 ml water and 36 l of ice-cold 1M MgCl 2 (15 mM final concentration) were added. The mixture was incubated on ice for 20 min with vigorous shaking at 0, 3, 6, 9, 13, 15, and 18 min. The samples were centrifuged at 2,445 g in a Beckman Optima XE ultracentrifuge, using a 50.3 Ti rotor. The pellets (P2) were saved for BLM preparation. The supernatants were centrifuged for 30 min at 48,000 g for 30 min. Crude BBM pellets (P3) were resuspended in 2 ml of diluted lysis buffer (1 ml lysis buffer and 1 ml water). Twenty microliters ice-cold 1 M MgCl 2 (final concentration 10 mM) were added to the samples and incubated for 20 min on ice with vigorous shaking as above. The samples were centrifuged at 48,000 g for 30 min and the final BBM pellets were resuspended in 200 l lysis buffer and stored at Ϫ80°C until further use.
BLMs were prepared by resuspending the pellet P2 in 1 ml lysis buffer, 1.4 ml water, and 36 l of ice-cold 1 M MgCl 2 (15 mM final concentration), using a 26g needle. The samples were incubated on ice for 20 min with vigorous shaking at 0, 3, 6, 9, 12, 15, and 18 min and centrifuged at 2,445 g in a Beckman Optima XE ultracentrifuge, using a 50.3 Ti rotor. The pellets were resuspended in 1 ml lysis buffer and centrifuged at 755 g for 15 min. The supernatant was centrifuged at 48,000 g for 30 min in Beckman Optima XE ultracentrifuge. The pellet was resuspended in 0.31 ml lysis buffer and mixed with 1.53 ml 60% sucrose (final sucrose concentration 50%) and overlaid with 0.49 ml 41% and 1.16 ml 38% sucrose. The samples were centrifuged at 48,000 g in a Beckman Optima XE ultracentrifuge overnight in a swinging bucket (SW 55 Ti) rotor at 4°C. The top layers containing BLMs were collected in a fresh tube and mixed with 1 ml bicarbonate buffer, pH 7.4, with vigorous shaking. The samples were centrifuged at 48,000 g for 30 min and the pellets, containing the BLMs were suspended in 100 l lysis buffer and stored at Ϫ80°C until further use. The isolated BBMs were 7-9-fold enriched in alkaline phosphatase activity and BLMs were 7-9-fold enriched in NKA activity as compared with homogenates (data not shown).
Proteomic sample handling. BBM and BLM protein samples (50 g) were diluted into 4% SDS/0.1 M Tris·HCl pH 8.5; 1 M DTT was added before heating at 95°C for 5 min. After cooling to room temperature, 3 volumes of 8 M urea/0.1 M Tris·HCl pH 8.5 were added to each sample before transfer to a Microcon-10 Ultracel YM-10 (10,000 NMWL centrifugal filter, Millipore, Bedford, MA) and digested in solution with 0.1 g of trypsin (Promega, Madison, WI), according to the filter-assisted sample preparation method of Wisniewski et al. (52) . The digested, ultrafiltered samples were trap-cleaned with C18 PROTOTM, 300 Å Ultra MicroSpin columns, lyophilized by vacuum centrifugation, and dissolved into 16 l of 2% vol/vol acetonitrile for analysis by 1 dimension (1D) liquid chromatographic/mass spectrometric (LC/MS) analysis.
LC/MS data acquisition. Peptide samples (1.5 g) were separated with a 3 h 1D gradient using an Proxeon EASY n-LC (Thermo Fisher Scientific, Waltham, MA) UHPLC system and a 10 cm, 100 m inner diameter fused silica column packed with 3 cm of Luna 5 SCX 400Å material (Phenomenex, Torrance, CA), and then 3 cm of Jupiter 5 m C18 300Å material (Phenomenex). The samples were introduced into an LTQ-Orbitrap ELITE (Thermo-Fisher Scientific), using a Nanospray Flex source with the ion transfer capillary temperature of the mass spectrometer set at 225°C, and the spray voltage set at 1.6 kV. Data were acquired with an approach known as Nth Order Double Play with electron transfer dissociation (ETD) Decision Tree method to exploit peptide fragmentation data acquisition by ETD and collision-induced dissociation (CID) approaches. Scan event one of the method obtained an FTMS MS1 scan (normal mass range; 60,000 resolution, full scan type, positive polarity, profile data type) for the range 300 -2000 m/z. Scan event two obtained ITMS MS2 scans (normal mass range, rapid scan rate, centroid data type) on up to 10 peaks with a minimum signal threshold of 10,000 counts from scan event one. A decision tree was used to determine whether CID or ETD activation was used. An ETD scan was triggered if any of the following held: an ion charge state 3 and m/z less than 650; an ion charge state 4 and m/z less than 900; an ion charge state 5 and m/z less than 950; or an ion charge state greater than 5; and a CID scan was triggered in all other cases. The lock mass option was enabled (0% lock mass abundance), using the 371.101236 m/z polysiloxane peak as an internal calibrant.
LCMS data analysis. Proteome Discoverer v1.4.0.288 (Thermo Fisher) was used to direct the data analysis using Mascot v2.4 (Matrix Science, Boston, MA) and SequestHT (Thermo Fisher) with the 7/01/2014 version of the UniprotKB Rattus norvegicus reference proteome canonical and isoform sequences. To estimate the false discovery rate, a Target Decoy PSM Validator node was included in the Proteome Discoverer workflow. The workflow allows for extraction of MS2 scan data from the Xcalibur RAW file, separate searches of CID and ETD MS2 scans in Mascot and Sequest, and collection of the results into a single file (.msf extension). The resulting .msf files from Proteome Discoverer were loaded into Scaffold QϩS v4.3.4 (Proteome Software, Portland, OR). Scaffold was used to calculate the false discovery rate using the Peptide and Protein Prophet algorithms. Proteins were grouped to satisfy the parsimony principle. The results were annotated with rat gene ontology information from the Gene Ontology Annotations Database (ftp.ebi.ac.uk).
Cell culture media and supplements. DMEM/F-12 (12634 -028), fetal bovine serum (FBS, 10437-028), penicillin-streptomycin (15070-063), and PBS (70011-069) were purchased from GIBCOThermo Fisher (Waltham, MA). Plasmocin (ant-mpp) was purchased from Invivogen (San Diego, CA). Collagenase (C5894), transferrin (T8158), hydrocortisone (H0888), epithelial growth factor (EGF, E9644), insulin (I1882), selenium (S5261), and sodium pyruvate (P5280) were purchased from Sigma.
Primary renal proximal tubule cell culture. Proximal tubule cells (PTCs) from rats were isolated following the protocol described by Breggia and Himmelfarb (5), with minor modifications. The kidneys were removed, decapsulated, and immediately placed in ice-cold PBS. Several 1-to 2-mm thick transverse slices of each kidney were made, followed by removal of the kidney cortex, in a glass Petri dish on ice. The cortex was minced with a razor blade into 1-mm pieces and digested with 1 mg/ml collagenase in PBS for 30 min at 37°C, with rocking. The cortical suspension was pipetted several times with a serologic pipette at the midpoint (15 min) and end of incubation. FBS (1%) was added to the suspension and the tube mixed for 30 s. The suspension was gently pressed through a 100-m cell strainer (CLS431752-50EA, Sigma, St. Louis, MO), followed by a 70-m cell strainer (CLS431751-50EA; Sigma) atop a 50-ml conical tube. The filtrate was centrifuged at 120 g for 2 min and the supernatant was discarded. The pellet was resuspended in 1-3 ml PBS (depending on the amount of material) and allowed to sediment for 1-2 min. The supernatant with suspended material was transferred to a new tube, carefully as to not r-suspend the tissue material sediment (containing mostly large pieces of tubules and glomeruli). The transferred suspension (containing smaller fragments of tubules) was visualized by light microscopy, followed by centrifugation at 200 g for 3 min. The pelleted tubule fragments were resuspended in 1:1 DMEM/F-12 media containing 5% heat-inactivated FBS, 50 nM hydrocortisone, 1 ng/ml EGF, 5 g/ml insulin, 5 g/ml transferrin, 50 nM selenium, 0.55 mM sodium pyruvate, penicillin 100 IU/ml, streptomycin 100 g/ml, and 25 g/ml plasmocin (InvivoGen, San Diego, CA). The cells were cultured in collagencoated cell culture dishes (Corning, Corning, NY) at 37°C and 95% air-5% CO2 in a standard humidified incubator. Culture media were replaced every 2-3 days. Experiments were performed when the cells reached 70 -80% confluence.
86 Rb uptake. NKA activity was measured as ouabain-sensitive 86 Rb uptake as described previously (19) .
Western blotting and immunoprecipitation. Western blotting was used to determine the protein expression of NHERF-1 and phosphorylation of NKA ␣1-subunit exactly as described previously (27) , using anti-phospho-(ser 18 ) S 18 -NKA antibodies (Cell Signaling Technology, Danvers, MA) and NHERF-1 antibodies (45) . NKA antibodies (␣6F) generated by Dr. D. M. Fambrough were obtained from the Developmental Studies Hybridoma Bank developed under the auspices of National Institute of Child Health and Human Development (NIHCD) and maintained by the University of Iowa, Department of Biological Sciences (Iowa City, IA). Immunoprecipitation of NKA ␣1-subunit was performed exactly as described previously (42) .
NHERF-1 transfection. Flag-tagged NHERF-1 was transfected into PTCs in primary culture from 22-mo-old F344 rats and 4-mo-old SHR by electroporation as described previously (25) .
Protein determination. Protein concentration was measured by bicinchoninic acid method, using bovine serum albumin as standard.
Statistics. Data are shown as means Ϯ SE. The n values indicate the number of independent experiments. Each experiment was performed in triplicate. P values were calculated using GraphPad Prism software, and significant differences between or among groups were determined by utilizing Student's t-test or ANOVA, followed by Bonferroni post hoc test, respectively. A P value Ͻ 0.05 was a priori considered statistically significant.
RESULTS

Proteomic identification of proteins in the BBM and BLM from young (4-mo) and old (22-mo) rats.
We have previously demonstrated that dopamine decreases NHERF-1-NKA interaction in OK cells (42) . To determine whether aging is associated with differences in expression of proteins associated with dopamine receptor signaling, we performed LC/MS analysis of proteins from the BBM and BLM of kidneys from young (4-mo) and old (22-mo) rats. Proteomic studies identified a total of 1,296 proteins in the BBM and BLM fractions (Supplemental Table S1 ; Supplemental Material for this article is available at the Journal website). As shown in Table 1 , the ion transporters, NHE3, NpT2a, NpT2c, and NHERF2 were predominantly present in the BBM while NKA ␣1-subunit was predominantly localized to the BLM. NKA ␤1-subunits and NHERF-1 were identified in both the BBM and BLM fractions. As compared with BBM from young rats, NpT2c expression was significantly lower in the BBM from old rats. There was no significant difference in the expression of NpT2a or NHE3 between 4-mo and 22-mo-old F344 rats. The expression of NKA ␣1-subunit in the BLM from 22-mo-old F344 rats was not significantly different from 4-mo-old F344 rats. The expression of NHERF-1 in both BBM and BLM fractions from 22-mo-old F344 rats was significantly lower than those from 4-mo-old F344 rats. Interestingly, a post hoc analysis of the shotgun proteomics data for phosphorylation considering variable phosphorylation of serine (S), threonine, and tyrosine, performed as described previously (34) , showed increased phosphorylation of NHERF-1 at S 277 and S 285/287 in BLM from 22-mo-old F344 rats as compared with 4-mo-old rats (Supplemental Tables S2 and S3) .
To confirm the proteomics data, the expression of NHERF-1 in the BBM and BLM from kidneys of young (4-mo-old) and old (22-mo-old) F344 rats was determined by Western blotting in isolated BBM and BLM and immunohistochemistry in the kidney. As shown in Fig. 1 , NHERF-1 expression was decreased in both BBM (Fig. 1A) and BLM (Fig. 1B ) from 22-mo-old rats as compared with 4-mo-old rats. As shown in Fig. 1C , immunohistochemistry corroborated the decreased NHERF-1 expression in the kidneys from 22-mo-old rats as compared with 4-mo-old rats. The expression of NHE3 in the BBM (Fig. 1A) and NKA ␣1 subunit in the BLM (Fig. 1B) was not different between 4-and 22-mo-old rats.
Effect of age on dopamine-mediated regulation of NKA activity in PTCs in primary culture. First, to determine the time course of the loss of dopamine-mediated regulation of NKA with aging, NKA activity was measured in primary cultures of PTCs isolated from the kidney cortex from 4-mo, 10-mo, and 22-mo-old female F344 rats as ouabain-sensitive 86 Rb uptake. As shown in Fig. 2 , treatment with dopamine inhibited NKAdependent 86 Rb uptake in PTCs from 4-mo-old rats but not from 10-mo and 22-mo-old rats.
Several studies have demonstrated that the dopamine-mediated inhibition and endocytosis of NKA ␣1-subunit require phosphorylation of NKA at S 18 . To confirm that phosphorylation of NKA at S 18 is important in the dopamine-mediated regulation of NKA activity and phosphorylation in the F344 rat model, we studied primary cultures of PTCs of 4-mo-old F344 rats and measured NKA activity as ouabain-sensitive 86 Rb uptake and NKA phosphorylation by Western blot using antiphospho-(ser 18 ) S 18 -NKA antibodies. As shown in Fig. 3 , 15-min incubation of the PTCs with dopamine (1 M) decreased NKA activity and increased NKA ␣1-subunit S 18 phosphorylation without affecting total NKA expression in PTCs from 4-mo-old F344 rats which express NHERF-1.
Role of NHERF-1 on dopamine-mediated regulation of NKA activity in PTCs of aged rats. The above proteomic data identified the loss of NHERF-1 in old as compared with young F344 rats. To confirm that loss of NHERF-1 plays a role in the lack of the dopamine-mediated inhibition of NKA activity and increase in NKA ␣1-subunit S 18 phosphorylation in PTCs of aged rats, Flag-tagged NHERF-1 was transiently transfected by electroporation in PTCs from 22-mo-old female F344 rats. Figure 4A shows successful transfection of NHERF-1 in PTCs in primary culture. We have previously demonstrated that the NHERF-1 antibody recognizes different phosphorylation states of NHERF-1 that have different molecular size (25) . The band recognized at around Ͼ50 kDa by the NHERF-1 antibody was the least phosphorylated form of NHERF-1, as determined by alkaline phosphatase digestion of the membranes (data not shown). This pattern of NHERF-1 is consistent with studies published by our laboratory and by Morales et al., which showed NHERF-1 as a migrating triplet (25, 33) . As shown in Fig. 4 , B-D, transfection with NHERF-1 restored the ability of dopamine to inhibit NKA activity and increase the S 18 phosphorylation of NKA ␣1-subunit, without affecting total NKA in PTCs from 22-mo-old F344 rats.
Role of NHERF-1 in dopamine-mediated regulation of NKA activity in PTCs of hypertensive rats. Some models of hypertension including spontaneously hypertensive rats (SHRs) are associated with blunted responses to dopamine (13, 22, 29, 39, 40, 54) . Furthermore, as compared with WKY rats, decreased NHERF-1 mRNA was reported in SHR (28) . To validate our working hypothesis that NHERF-1 expression is important for the regulation of NKA by dopamine, we compared NHERF-1 Table S1 . expression in PTCs in primary cultures from SHR and its control normotensive WKY rats. As shown in Fig. 5A , NHERF-1 expression was significantly lower in PTCs from SHRs than WKY rats. Figure 5B , represents a way to express the relationship of NHERF-1 and NKA ␣1 which shows that the NHERF-1-to-NKA ␣1 ratio was decreased in SHR relative to WKY. Figure 5C shows that the basal NKA-mediated 86 Rb uptake was significantly lower in PTCs from SHRs than WKY rats and dopamine decreased NKA-dependent 86 Rb uptake in PTCs from WKY but not SHRs.
To determine whether NHERF-1 plays a role in dopaminemediated regulation of NKA in PTCs from SHR, Flag-tagged NHERF-1 was transfected in primary culture of PTCs from SHR (Fig. 6A) . As shown in Fig. 6B , transfection of NHERF-1 restored the basal activity of NKA and the dopamine-mediated inhibition of NKA activity in PTCs from SHRs to the same values as those measured in PTCs from WKY rats. As shown in Fig. 6C , basal serine phosphorylation of NKA ␣1 was higher in PTCs from SHR than WKY rats. Transfection of NHERF-1 decreased basal serine phosphorylation of NKA ␣1 but restored dopamine-mediated increase in serine phosphorylation of NKA ␣1 in PTCs from SHR.
DISCUSSION
The present study demonstrates for the first time an association between the reduced expression of NHERF-1 in PTCs and blunted response to dopamine in two well-accepted rat models of hypertension, aged F344 and SHRs. We demonstrated decreased expression of NHERF-1 in BBM and BLM isolated from kidneys of 22-mo-old F344 rats, as compared with 4-mo-old F344 rats and in SHRs as compared with WKY rats. This finding is unique and in conjunc- Proximal tubule cells (PTCs) in primary culture from 4-mo, 10-mo, and 22-mo-old F344 rats were treated for 15 min with dopamine (1 M). Ouabain (4 mM)-sensitive 86 Rb uptake was used as a measure of NKA activity. Each bar represents data as nmol 86 Rb·mg protein· Ϫ1 min Ϫ1 (means Ϯ SE) in cell cultures from 6 individual rats (n ϭ 6 in each group) performed in triplicate. *P Ͻ 0.05 as calculated by one-way ANOVA followed by Bonferroni post hoc test. tion with our recent finding regarding the role of NHERF-1 in the trafficking of the type IIa sodium-phosphate cotransporter, NpT2a (25) , suggest that NHERF-1 expression is not static, as was initially proposed (51), but is highly dynamic. Using primary cultures of PTCs from aged F344 and SHRs, we demonstrated that NHERF-1 is essential for the acute inhibition of NKA and phosphorylation of NKA ␣1-subunit at S 18 by dopamine. The results from this study have significant implications for the understanding of the molecular mechanisms by which dopamine regulates sodium transport in PTCs.
Proteomic analysis showed the expression of proteins that are expected in apical and basolateral fractions of renal proximal tubules. NpT2a, NpT2c, and NHE3 were almost exclusively identified in the BBM fractions while NKA ␣1-subunit was present predominantly in the basolateral fractions corroborating their enrichment in the membrane preparations. Identification of NKA ␤1-subunits in both the membrane fractions is not surprising as the NKA ␤1-subunits also associate with the apical H ϩ -K ϩ -ATPase (30). Using immunoprecipitation and confocal microscopy, we have previously demonstrated that NHERF-1 and NKA associate with one another in OK cells, and that treatment with dopamine decreased this association, while increasing the association between D1R and NHERF-1 (42). In the current study, proteomic analysis suggested that NHERF-1 expression is decreased in BBM and BLM from 22-mo-old relative to 4-mo-old F344 rats. The proteomic data were confirmed by Western blot analysis and immunohistochemistry. We and others have demonstrated that D1R associates with a PDZ-domain containing scaffolding proteins Pals and NHERF-1 (7, 42). The association between D1R and NHERF-1 is essential for the acute inhibition of NKA activity by dopamine (42) . Consistent with the decreased expression of NHERF-1 in 22-mo-old F344 rats, our data demonstrated that dopamine reduced NKA activity in primary cultures of PTCs from 4-mo-old rats but not in PTCs from 22-mo-old F344 rats. Transient transfection of NHERF-1 in PTCs from 22-mo-old F344 rats restored the ability of dopamine to acutely inhibit NKA activity. Together, these data suggest that NHERF-1 is critical for acute regulation of NKA by dopamine. However, the mechanisms are not well understood.
Several observations suggest a potential role for differential phosphorylation events in the regulation of renal sodium transport by dopamine. Regulation of dopamine-mediated sodium transport and hypertension are dependent upon intact G protein-coupled receptor kinase 4␥ (GRK4␥) (46) . Mutations in the GRK4␥ are associated with essential hypertension and cause hyperphosphorylation of D1R resulting in diminished trafficking of D1R to the plasma membrane (24) . Additionally, D1R has been shown to be hyperphosphorylated in SHR (16, 54) . NHERF-1 function is also regulated by phosphorylation at several sites. Weinman and his group (47) showed that NHERF-1 phosphorylation at S 77 and T 95 are critical for dopamine-mediated inhibition of NpT2a. Cdc2 has been shown to phosphorylate NHERF-1 at S 279 (18) during mitosis and G protein-coupled receptor kinase 6A (GRK6A) phosphorylates S 289 (17) . In vitro studies, including cell cultures, have demonstrated that S 289 phosphorylation by GRK6A is important for the oligomerization of NHERF-1 while phosphorylation at S 279 prevents its oligomerization with other proteins (17, 18) . The post hoc analysis of the shotgun proteomics data for phosphorylation showed increased phosphorylation of NHERF-1 at S 277 and S 285/287 in BBM and BLM from 22-mo-old animals. These preliminary data suggest that in aging perhaps there is an increased NHERF-1 homodimerization and decreased association with other proteins that could modify dopamine receptor regulation of NKA. It is also possible that there is a defect in NHERF-1 dephosphorylation rather than increased phosphorylation. These possibilities need to be studied further to identify the physiological role of the phosphorylation at these specific sites in overall renal function.
Dopamine is a well-established natriuretic catecholamine that acutely inhibits PTC sodium transport by inhibiting NHE3 and NKA (1, 2, 7, 8, 11, 13, 15, 20 -24, 26, 29, 37, 42, 44, 53, 54) . Dopamine inhibits sodium transport, in part, by activation of D1R which stimulates PKA-and PKC-dependent pathways (8, 9, 13, 20, 26, 37, 42, 44, 53, 54) , as well as G proteincoupled receptor kinases (53) . Dopamine is known to phosphorylate NKA at S 18 in rat PTCs and OK cells. Dopaminemediated phosphorylation of NKA at S 18 results in the binding of clathrin and AP2 to the NKA ␣1-subunit. This triggers the endocytosis of NKA ␣1 and a decrease in its activity in the plasma membrane (6, 9, 12, 37). Nguyen et al. (36) demonstrated decreased NKA activity in microsomes prepared from SHRs, as compared with WKY rats. Consistent with these data, our studies also demonstrate decreased basal NKA activity in the SHR. Our data also demonstrate increased basal NKA phosphorylation in PTCs from SHRs, as compared with WKY rats. Whether or not the decreased basal NKA activity in the SHR is due to increased basal phosphorylation of NKA remains to be determined. Previous studies have demonstrated a decrease in NHERF-1 mRNA in kidneys from SHRs (28) . Together, our studies suggest that absence of NHERF-1 may result in increased NKA phosphorylation in SHR as transient transfection with NHERF-1 decreased the basal phosphorylation of NKA and restored the basal activity to levels similar to WKY rats.
Our laboratory has demonstrated a role for NHERF-1 in the acute inhibition of NKA activity by dopamine (42) and PTH (27) in OK cells. We have demonstrated that treatment of OK cells for 15 min with dopamine results in decreased NHERF-1-NKA ␣1-subunit interaction and increased NHERF-1-D1R and NKA ␣1-subunit-PKC association. The association between NHERF-1-D1R requires an intact PDZ2 domain of NHERF-1. Consistent with our previous data, the data from the (means Ϯ SE performed in triplicate (n ϭ 3 rats in each group). *P Ͻ 0.05 vs. respective vehicle. C: PTCs in primary culture from 22-mo-old F344 rats transiently transfected with vector or Flag-tagged NHERF-1 were treated for 15 min with dopamine (1 M). Cell membranes were analyzed by Western blotting using phospho-S 18 NKA ␣1-subunit antibodies (top). Nitrocellulose membranes were stripped and reprobed with NKA antibodies (NKA, ␣6F, bottom). D: bar graph represents data in C as ratio of band intensity of pS 18 to total NKA ␣1 (means Ϯ SE) (n ϭ 3 rats in each group) as arbitrary units (AU). *P Ͻ 0.05 vs. respective vehicle-treated group.
current study suggest that NHERF-1 is critical to enable dopamine to inhibit NKA activity in PTCs from aged F344 rats and young SHRs. The inability of dopamine to inhibit NKA activity in PTCs from aged F344 rats and SHRs is restored by increasing NHERF-1 expression. In summary, the findings from this study demonstrating that the absence of NHERF-1 results in loss of the acute inhibition of NKA activity by dopamine in PTCs in a model of aging with hypertension and a model of spontaneous hypertension identify a novel pathophysiologic pathway for these common renal conditions. Further studies are required to determine the role of NHERF-1 in dopamine-regulated sodium homeostasis in vivo. Representative images (red, green, merge, and DIC, differential interference contrast) are shown (n ϭ 3). B: renal PTCs in primary culture from SHRs transiently transfected with vector or Flag-tagged NHERF-1 were treated for 15 min with dopamine (1 M). Ouabain (4 mM)-sensitive 86 Rb uptake was used as a measure of NKA activity. Each bar represents data as nmol 86 Rb·mg protein· Ϫ1 min Ϫ1 (means Ϯ SE) from PTCs in culture from 3 individual rats (n ϭ 3 in each group) performed in triplicate. *P Ͻ 0.05 as calculated by one-way ANOVA, followed by Bonferroni post hoc test. C: phosphorylation of NKA. Renal PTCs in primary culture from SHRs transiently transfected with empty vector or Flag-tagged NHERF-1 were treated for 15 min with dopamine (1 M). NKA was immunoprecipitated from crude membranes and subjected to Western blotting using anti-phosphoserine (top, Invitrogen) and NKA ␣1-subunit (bottom). A representative blot from 2 independent experiments is shown.
